Fungi have developed a wide assortment of enzymes to break down pectin, a prevalent polymer in plant cell walls that is important in plant defense and structure. One enzyme family used to degrade pectin is the glycosyl hydrolase family 28 (GH28). In this study we developed primers for the amplification of GH28 coding genes from a database of 293 GH28 sequences from 40 fungal genomes. The primers were used to successfully amplify GH28 pectinases from all Ascomycota cultures tested, but only three out of seven Basidiomycota cultures. In addition, we further tested the primers in PCRs on metagenomic DNA extracted from senesced tree leaves from different forest ecosystems, followed by cloning and sequencing. Taxonomic specificity for Ascomycota GH28 genes was tested by comparing GH28 composition in leaves to internal transcribed spacer (ITS) amplicon composition using pyrosequencing. All sequences obtained from GH28 primers were classified as Ascomycota; in contrast, ITS sequences indicated that fungal communities were up to 39% Basidiomycetes. Analysis of leaf samples indicated that both forest stand and ecosystem type were important in structuring fungal communities. However, site played the prominent role in explaining GH28 composition, whereas ecosystem type was more important for ITS composition, indicating possible genetic drift between populations of fungi. Overall, these primers will have utility in understanding relationships between fungal community composition and ecosystem processes, as well as detection of potentially pathogenic Ascomycetes.
Introduction
Pectin is a complex polysaccharide comprising as much as 35% of plant primary cell walls (Voragen et al., 2009) . It is a polymer of up to 17 monosaccharides, but is commonly defined by a backbone of 1,4 linked α-D-galactosyluronic acid monomers (Mohnen, 2008) . Due to its prevalence and structural diversity, microorganisms have evolved many extracellular enzymes to aid in pectin decomposition (Prade et al., 1999; A. Manucharova, 2009 and Glass et al., 2013) . The gene family glycosyl hydrolase 28 (GH28) codes for a diverse array of hydrolytic enzymes involved in pectin depolymerization, including polygalacturonases, rhamnogalacturonases and xylogalacturonases (Abbott and Boraston, 2007 and Markovič and Janeček, 2001) . Because of its role in decomposition and plant pathogenicity, fungal GH28 gene abundance and diversity is of particular importance in ecosystem functioning (Kjøller and Struwe, 2002; Herron et al., 2000 and Reignault et al., 2008) . However, effective assays for examining the distribution of GH28 genes in natural communities have not been developed.
Development of primers targeting functional genes with key biogeochemical roles provides a unique opportunity to reveal linkages between microbial communities and ecosystem processes (Zak et al., 2006 , Peay et al., 2008 . For example, PCR based assays have been used to show that gene diversity and abundance are linked to nitrogen fixation, nitrification, and denitrification (Levy-Booth et al., 2014) . Primers have also been developed for the analysis of several extracellular enzymes involved in decomposition, such as laccases, cellulases, and chitinases (Williamson et al., 2000 , Luis et al., 2004 , Edwards et al., 2008 and Takaya et al., 1998 . Subsequently, functional gene primers have been used to study how environmental perturbations such as nitrogen deposition (Hofmockel et al., 2007) , agricultural management (Fan et al., 2012) , and hydrocarbon contamination (Cebron et al., 2015) influence ecosystem processes through altering distributions of microbial functional genes. Because of the important role played by the distribution of functional genes in constraining ecosystem processes, it is critical to continue the development of new primers that can be used in a community context.
In addition to contributing to our understanding of decomposition responses to environmental factors through microbial communities, a pectinase PCR assay may also reveal important insights into the distribution of plant pathogens. Glycosyl hydrolases, including members of the GH28 family, are important virulence factors in plant pathogens (Zhao et al., 2013) . The number of GH28 gene homologues in fungal genomes has been found to be reflective of species ecological niches, with biotrophic pathogens having fewer GH28 genes than necrotrophic pathogens or saprotrophic fungi (Sprockett et al., 2011) . Pectinase gene distribution, including GH28, can also vary among genomes based upon plant host, with increased pectinase gene numbers in organisms that attack hosts and tissues enriched in pectin (de Wit et al., 2012 , King et al., 2011 .
The purpose of this project was to develop fungi-specific PCR primers for GH28 genes. We focus on a single clade within GH28 specific for endopolygalacturonases (clade F sensu Sprockett et al., 2011) . Clade F genes are found in a wide array of dikarya fungi, including many types of plant pathogens and saprotrophs, and are closely related to GH28 genes found in pathogenic Phytophthora species (Sprockett et al., 2011) . After successful testing using cultured organisms, we further tested the primers by examining GH28 diversity in a limited number of leaf samples, allowing us to obtain a preliminary understanding of the role that environmental factors have on pectinase gene distribution. We tested the hypotheses that ecosystem type or leaf type influenced GH28 gene community composition and diversity. Finally, pyrosequencing of fungal internal transcribed spacer region (ITS) genes was performed on the leaf samples to determine the taxonomic specificity of the selected primers.
Materials and methods

Primer development
Primer design was conducted using a database of 293 fungal GH28 DNA sequences from 40 genome sequences (Sprockett et al., 2011) . We focused primer design on GH28 phylogenetic clade F because of a high level of sequence conservation and good representation of major fungal lineages (Sprockett et al., 2011) . Primers matching the maximum possible number of sequences were designed to have as few degeneracies as possible, avoid self-priming and primer-dimers, and other appropriate physiochemical properties (e.g., annealing temperatures) ( Table 1) .
Primer testing on isolates
Initial primer testing was performed on Aspergillus niger strain NRRL 3 and Phanerochaete chrysosporium strain NRRL 6361 (ARSEF Culture Collection, Ithaca, NY). Genomic DNA was extracted from fungal isolates using a modified CTAB method (Wu et al., 2011) . Samples were frozen in liquid nitrogen, ground and then treated with CTAB buffer and βmercaptoethanol. This was followed by removal of co-extractants with chloroform and DNA precipitation using isopropanol.
Four different primer pair combinations were tested in PCR reactions. Primers were ordered from Integrated DNA Technologies (IDT; Coralville, IA). PCR was performed under a variety of conditions to determine an optimal protocol for use in all subsequent tests. Reagent concentrations in the optimal PCR protocol were 0.025 U/μl DNA Taq DNA polymerase (B-Bridge, Santa Clara, CA, USA ), 1 × standard buffer (B-Bridge), 1.5 mM MgCl 2 , 0.16 mM each deoxynucleotide triphosphate, 0.1 μg/μl bovine serum albumin (New England BioLabs, Ipswich, MA), 0.1 μM of each of the forward and reverse primers, and 0.3 ng/ul of template genomic DNA. Optimal PCR conditions were: 95°C denaturation for 3 min, followed by 35 cycles of 94°C for 30 s, 64°C for 30 s, 72°C for 1 min 30 s, and final extension at 72°C for 7 min. PCR products were checked on a 1.5% agarose gel stained with ethidium bromide.
PCR products from A. niger NRRL3 and P. chrysosporium NRRL 6361 were purified using an UltraClean PCR Cleanup Kit (MoBio Laboratories, Carlsbad, CA), quantified using Picogreen fluorescent DNA stain (Life Technologies, Eugene, OR, USA), and ligated into the pGEM-T easy vector (Promega, Madison, WI) following instructions from the manufacturers. Plasmids were then used to transform Escherichia coli JM109. PCR was performed on colonies using M13 primers to amplify cloned inserts. Clones with different amplicon insert sizes were grown overnight in 4 ml LB broth with ampicillin and glycerol, and plasmids were isolated using an UltraClean Plasmid Prep Kit (MoBio Laboratories). Sanger sequencing was performed at Ohio University Genomics Facility.
Following these initial tests, one primer pair was selected for further analysis: GH28F-1786F (5′-TRB TGG GAY GGH NWR GG-3′) and GH28F-2089R (5′-GCV ABR CAR TCR TCY TGR TT-3′) ( Table 1) . Amplification and analysis were then performed on genomic DNA extracted from additional well-characterized fungi shown in Table 2 . The one or two most intense bands were gel-purified using an UltraClean GelSpin DNA Extraction kit (MoBio Laboratories) and sequenced at Ohio University.
Sequences from cultured organisms were trimmed for quality using the program Sequencher® version 5.4.1 sequence analysis software (Gene Codes Corporation, Ann Arbor, MI, USA). The program BLAST (Altschul et al., 1990 ) was used to find the closest matches in the NCBI nucleotide database. All hits with the best bit scores and e-values were examined to look for consistency in their functional and taxonomic annotation. Results were further confirmed by classifying sequences in the Protein family database (Pfam) (Bateman et al., 2004) .
Testing primers on metagenomic DNA from environmental leaf samples
Senesced leaf material was gathered from three forest stand replicates (sites) of each of two ecosystems in Manistee National Forest in Northwest Michigan: sugar maple/basswood (SMBW) and black oak/white oak (BOWO) (Zak et al., 1989) . These ecosystems differ based upon their dominant overstory tree coverage, topography and soil characteristics. Sites were separated by varying distances, with a maximum distance of 56 km. At each site, leaf samples were collected for each of the two dominant tree species (e.g., black oak and white oak from a BOWO site). Leaves were freeze dried, homogenized in a Genogrinder 2000 (SPEX CertiPrep; Metuchen, NJ, USA) for 2 min at 1000 beats per minute, and then stored at −80°C. Genomic DNA was extracted from the microbial community of each leaf using the CTAB DNA extraction following Wu et al. (2011) . PCRs were performed on metagenomic DNA and cloned into E. coli JM109 as described above. Inserts were sequenced at the University of Kentucky Advanced Genetic Technologies Center. Sequences were processed and taxonomically and functionally identified as described above. Sequences were then clustered into operational taxonomic units (GH28-OTUs) with cutoffs from 70% to 90%-similarity using the software CD-Hit (Huang et al., 2010) . Non-GH28 clusters (generated from non-specific amplification) were removed from the dataset before further community analysis. No differences in results were observed with different cutoffs, so only results using the 90% cut off are reported here.
Pyrosequencing fungal ITS region from leaf samples
To determine phylogenetic composition of fungal communities on leaves used for GH28 primer testing, the fungal ITS region was amplified using barcode-labeled primers ITS1F and ITS4, as described in Chattopadhyay (2014) . Amplicons were gel purified using the Ultra-Clean GelSpin DNA Extraction kit, followed by Agencourt Ampure XP (Beckman Coulter, Brea, CA, USA) purification. Afterwards, DNA concentrations were quantified using the PicoGreen dsDNA Assay Kit. Samples were sequenced in a GS Junior 454 Pyrosequencer (Roche) as in Chattopadhyay (2014) . The program QIIME (Caporaso et al., 2010) was used for demultiplexing, denoising and clustering into 97% similarity ITS-OTUs. Phylogenetic identification was performed using BLAST of sequences representing each OTU against the databases Unite and GenBank. BLAST results were then parsed using the last common ancestor algorithm using the software MEtaGenome ANalyzer (MEGAN) 5.0 (Huson et al., 2011) . Unite (Kõjalg et al., 2005) and GenBank results were then consolidated by comparing the taxonomic strings output from MEGAN. We used the finest taxonomic assignment (down to genus) that did not result in higher level disagreement between databases. In cases of disagreements, we used the assignment from the curated UNITE database.
Statistical analysis of leaf fungal GH28 and its composition
Statistical analyses were performed in the R statistical analysis program (R core team, 2014) using the vegan package (Oksanen et al., 2015) . OTU frequencies were rarefied to equal sampling depth, converted to relative abundance, and Hellinger transformed (Legendre and Gallagher, 2001 ) before analysis. Rarefaction and analyses were repeated 10 times to account for variation among simulations of even sampling effort. Redundancy analysis (RDA) (Legendre and Alexander, 1999) was utilized to test for effects of ecosystem, site, and leaf type. Adjusted R-squared values (Peres-Neto et al., 2006) were obtained from each RDA and interpreted as variation explained by each factor.
Sequence availability
Sequences obtained from GH28 primers have been submitted to GenBank under accession numbers KU664125-KU664184.
Results
Primer testing on isolates
Four conserved regions of GH28-clade F were chosen as potential primer sites based on different physicochemical properties. Amplification with primers GH28F-1786f/GH28F-2089r resulted in the most consistent and distinct visible product by gel electrophoresis. These primers were selected for testing on a collection of fungal cultures from a variety of different taxa (Table 2) . Clear bands were produced by all of the isolates except Rhodotorula graminis. Amplification from six Ascomycota isolates resulted in sequences that matched endopolygalacturonases in GenBank and Pfam databases (Table 2) . However, inconsistent results were found in Basidiomycota, with GH28 sequences obtained from three of seven isolates (five of nine bands sequenced). GH28 sequences were variable in length (~300-500 bp) due to the presence of introns.
Pectinase gene diversity found on decomposing leaves
A total of 901 clones were sequenced from GH28 PCRs of 12 leaves. These were clustered at 90% similarity into 456 GH28-OTUs. After deletion of singleton OTUs, it was found that 77% of the sequences matched fungal endopolygalacturonases (GH28 clade F sequences) in NCBI. The majority (61%) of GH28 sequences were located in the twelve largest GH28-OTUs (Table 3) . Representative sequences from these GH28-OTUs matched endopolygalacturonases found in a variety of fungal taxa, representing saprotrophs and major plant pathogens. All GH28 sequences obtained from leaves had best matches to database GH28 genes obtained from Ascomycota (Table 3) . (Sprockett et al., 2011 and Floudas et al., 2012) . c Indicates whether sequences were successfully matched to a GH28 sequence in BLAST analysis of the NCBI database. d Indicates whether sequences were successfully matched to a GH28 sequence in the PFAM database.
Several leaves were dominated by very few GH28-OTUs; for example, OTU 1 made up 60% of the clone library from sample BO-U and OTU 3 made up 40% of the clone library for sample BW-6. However OTU richness, Shannon diversity and Simpson diversity were not significantly impacted by ecosystem or leaf type. Some GH28-OTUs were found only in single ecosystems or sites (Table 3 ). This is reflected in results of RDAs performed on GH28-OTU relative abundances, with OTU composition significantly affected by both ecosystem (Adj. R-square = 0.075, P-value = 0.023) and site (Adj. R-square = 0.142, P-value = 0.035). The larger role of site in structuring GH28-OTU composition, instead of ecosystem, can be seen in the RDA ordination in Fig. 1 . Other factors such as leaf species, leaf size, and location in the litter layer were found to be non-significant.
Taxonomic structure of fungal communities
Pyrosequencing was performed to determine if leaf communities were indeed dominated by Ascomycota, as indicated by GH28 clone libraries, or if primers were biased against Basidiomycota. A total of 56,134 fungal ITS sequences were obtained from the leaf samples described above. These sequences were clustered, with a 97% cut off, into 251 ITS-OTUs. For individual leaves, Basidiomycota abundance varied from 0% to 39% of ITS sequences. Communities were dominated by Ascomycota, with an average relative abundance of 90% Ascomycota sequences in BOWO leaves and 98% in SMBW leaves. Redundancy analysis on ITS-OTU profiles indicated that ecosystem was the most important factor explaining variation in fungal communities (Adj. R-Square = 0.167, P-value = 0.011), with site not having a significant effect (Adj. R-square = 0.08, P-value = 0.101). Ecosystem and site together explained more variation in taxonomic community composition than in GH28-OTU distribution (Fig. 2) . The ordination plot indicates a very strong separation of communities between ecosystem types (Fig. 2) . Fungal communities in BOWO ecosystems were grouped more closely together in the RDA plot than the SMBW communities. As in GH28 OTUs, other factors such as leaf species, leaf size, and location in the litter layer were found to be non-significant in ITS sequences.
Discussion
This study, to our knowledge, is the first report of general primers for fungal pectinase genes, providing a valuable tool to link community composition to decomposition and plant pathogenicity. Testing of Table 3 Taxonomy of closest matches in the NCBI GenBank database for the twelve GH28-OTUs with the greatest number of sequences (all closest matches were endopolygalacturonase sequences). pure culture organisms confirmed that these primers will amplify GH28 clade F genes from several different taxonomic and functional groups of fungi, but are particularly useful for Ascomycete fungi. Also, the primers amplified Ascomycete GH28 genes from environmental samples, which will be useful for determining major environmental factors that drive GH28 gene distribution. On senesced leaves there is a rich community of potentially pathogenic and saprotrophic fungi (Gessner et al., 2010 and Hattenscheweiler et al., 2011) . Using our GH28 clade F primers, we detected endopolygalacturonases from Ascomycota fungi on all leaves tested. Although we were able to successfully quantify GH28 composition and diversity, fine taxonomic assignments (e.g., genuslevel) are likely unreliable because sequence matches generally had low confidence values and fungal GHs in GenBank are not representative of the fungal diversity in leaves. Novel fungi may also be present, as fungal diversity is high in temperate ecosystems (Schmit and Mueller, 2007) and many ITS sequences could not be identified past the order level.
OTU # Sequences
The dominance of Ascomycota sequences in leaf samples was unexpected because Basidiomycota are thought to be common decomposers of plant tissue in forests (Heilmann-Clausen, 2001; Osono, 2007 and Voriskova and Baldrian, 2013) . However, analyses of ITS sequences as well as GH28 sequences clearly indicated that fungal communities on leaves from our sites were dominated by Ascomycota. Ascomycota fungi include diverse, highly prevalent saprotrophic, pathogenic, and endophytic organisms, and it is thus perhaps not surprising that they dominate communities on senesced leaves (Schoch et al., 2009) . Leaves that came from tree species with more lignified tissue (i.e. oaks) did have a higher percentage of Basidiomycota (up to 39% of sequences), as found previously in forests dominated by oak species . The absence of Basidiomycete GH28 sequences even from oak leaves confirms the primer bias for Ascomycota GH28 genes.
There is a high degree of variation in dominant tree species and soil properties between different ecosystem types in Manistee National Forest (Host et al., 1988) . This environmental variation appears to have had a strong influence on the structure of saprotrophic fungal communities as indicated by ITS sequences. This could be the result of differences in plant tissue chemistry between the two ecosystems, which has been shown to play a large role in structuring fungal communities (Schneider et al., 2012 and Hanson et al., 2008) . In contrast, GH28 sequences were mainly influenced by site-to-site heterogeneity, whereas ecosystem type played a negligible role. The high level of taxonomic similarity but lower level of functional gene similarity among sites of the same ecosystem type is unexpected under the dominant paradigm that microbial communities harbor a high level of functional redundancy (Wardle, 2006and Nielson et al., 2011 . One explanation is that genetic drift between sub-populations of fungi in separate forest stands could cause divergence in GH28 composition. Necrotrophic plant pathogens have a high degree of genomic plasticity for genes coding for virulence factors as a result of transposable elements, translocation and duplication events, and mutations arising from compensatory variation in host defense genes (Raffaele and Kamoun, 2012) . Sexual reproduction within a species will also result in new combinations of GH28 alleles, after which new GH28 combinations can become prevalent in a site through asexual reproduction (McDonald and Linde, 2002) . Differences between GH28 and ITS datasets may also have arisen from different numbers of sequences generated by different sequencing methods (cloning and Sanger sequencing for GH28, pyrosequencing for ITS). It is possible that differences in GH28 composition between ecosystems could have been masked by increased error due to smaller number of sequences.
Primers developed here will be suitable for amplification of GH28 genes in Ascomycota fungi, but not Basidiomycota. The primers should be useful because Ascomycota appear to dominate decomposer communities in leaf tissue, and many of the most prevalent plant pathogens are Ascomycota that depend on GH28 genes (Klosterman et al., 2011) . GH28 genes are particularly prevalent in necrotrophic plant pathogen genomes (Floudas et al., 2012 , Sprockett et al., 2011 and are important virulence factors in necrotrophic plant pathogens (van Kan, 2006; Hematy et al., 2008 and Zhao et al., 2013) . Our results indicate that these primers will be most useful when used in sequencing based assays because non-GH28 sequences can be removed from datasets before further analysis. Direct sequencing methods have been used for rapid screening of fungal isolates for functional genes (Lee et al., 2001 and Pointing et al., 2005) and for detecting the presence of pathogens in plant hosts (McCartney et al., 2003) . Hence, these primers should be a valuable new molecular tool to complement other methods for both detection of pathogens and better understanding the roles that fungi play in ecosystem processes.
